Background
Introduction
The prevalence of congestive heart failure (CHF) is increasing and CHF now affects approximately 10% of subjects above 60 years, with an overall 5-year mortality rate remaining at 50% [1] [2] [3] . Angiotensin-converting enzyme inhibitors (ACEIs) reduce mortality and morbidity in patients with CHF and therefore represent a cornerstone in the current pharmacologic management of this disease [4, 5] . The clinical response to treatment with ACEIs, however, displays substantial inter-individual variability in terms of both safety and efficacy, and genetic variability of patients contributes to this phenomenon [6] [7] [8] . Accordingly, selected genetic variants have been proposed for pharmacogenetic risk stratification of patients treated with ACEIs in attempt to individually tailor such treatment [9] [10] [11] . Notably, two distinct genetic scores based on single nucleotide polymorphisms (SNPs) in the angiotensin II receptor type 1 gene (AGTR1) and bradykinin receptor B1 gene (BDKRB1), as well as the ACE gene (ACE) and ABO blood group genes (ABO), respectively, were recently found to predict ACEI efficacy and ACE activity in European patients with stable ischemic heart disease (IHD) and in Asian patients with young-onset hypertension, respectively [9] [10] [11] [12] . Therefore, we examined the predictive value of these two genetic scores in a cohort of ACEI-treated patients with CHF.
Materials and Methods

Study population and endpoints
This retrospective cohort study was based on patients participating in the previously reported Echocardiography and Heart Outcome study (ECHOS), a randomized, double-blinded, placebo-controlled trial of nolomirole (a mild inhibitor of the sympathetic nerve system) in patients with severe CHF, where nolomirole was found to possess no beneficial or harmful effects after 2.5 years of follow-up [13] . In the period 2001-2002, ECHOS included 1000 patients >18 years of age from centers in Denmark, Norway and Sweden admitted with New York Heart Association (NYHA) class II-IV CHF and an echocardiographic left ventricular wall motion score index 1.2 (corresponding to an ejection fraction 35%) [13] . Among exclusion criteria were uncorrected hemodynamically significant valvular disease and acute myocardial infarction within one month. Approximately 80% of ECHOS patients were treated with ACEIs and for the present study, criteria for inclusion were participation in ECHOS, Danish citizenship and availability of DNA for genotyping. Patients were followed from hospital discharge until occurrence of a study endpoint or a maximum of 10 years. Our primary endpoint was cardiovascular (CV) death and the secondary endpoint was all-cause death. Since nolomirole had no effects on clinical outcomes in the ECHOS trial and as the drug therefore was discontinued hereafter, we did not differentiate between patients who received nolomirole and those who received placebo. Information on baseline treatment with ACEIs, beta-blockers, aldosterone antagonists, diuretics, and insulin was available from the ECHOS dataset, which also supplied information on NYHA class, wall motion score index, IHD, diabetes mellitus, chronic obstructive pulmonary disease, atrial fibrillation, body mass index, and smoking status. Information on vital status and individual average annual gross income (socioeconomic status) throughout the 5-year period prior to inclusion was obtained from the National Causes of Death Registry and the Danish Central Person Registry, respectively [14] .
Genetic analyses
The first genetic score (score A) used for the current study was previously found to be associated with reduced ACEI treatment benefit in European patients with stable IHD, and was based on three SNPs, i.e., rs275651 and rs5182 located in AGTR1 and rs12050217 in BDKRB1, respectively [11] . The second genetic score (score B) was previously reported to be associated with systemic ACE activity and response to ACEI treatment in patients of Asian descent with young-onset hypertension [10] . This score also consisted of three SNPs, i.e., rs4343 located in ACE, which is in high linkage disequilibrium (LD) with the ACE I/D polymorphism (rs1799752), and rs495828 and rs8176746 of ABO, respectively. In the original reports, both genetic scores A and B assigned one score point to the respective responder allele of each genotype [10, 11] . Because alleles can occur in a homozygous or heterozygous form, each genotype could contribute with a maximum of two score points. As an exception to this rule, however, score B assigned only 1 point for rs495828 if the responder allele occurred in homozygote form, and 1 point for rs8176746, irrespective of whether the responder allele appeared in heterozygous or homozygous form [10] . Thus, there were a maximum of 6 achievable points with score A, but only 4 achievable points for score B. Moreover, due to the relatively undersized sample in the current study, we condensed both genetic scores to include only three individual score levels which was also done in the original study for score A, i.e., with 1, 2, and 3 score points [11] . By this method, the number of patients within each score level was increased, as was the statistical power of the study. Because recent fine-mapping of ACE revealed a break point in an LD block that was significantly associated with ACE activity in an Asian population, we examined an additional SNP in ACE (rs4353) in order to tag the gene on either side of the recombinant break point [12] . The seven selected SNPs were genotyped by use of TaqMan SNP genotyping reagents, specific primers and probes (Applied Biosystems, Foster City, CA, USA). We used two different PCR master mixtures. For the genotyping of rs495828, rs5182, and rs275651, the TaqMan Universal PCR Master Mix was used (Applied Biosystems, Foster City, CA, USA). Genotyping of SNPs rs4343, rs4353, rs8176746 and rs12050217 was done using KAPA PROBE FAST qPCR Kit Master Mix (2x) ABI Prism (Kapa Biosystems, Inc., Wilmington, MA, USA). Amplification conditions were as recommended by the manufacturers of the PCR master mixtures.
Statistics
Chi-square tests were used to examine if the genotype frequencies were distributed according to the Hardy-Weinberg equilibrium. Information on six additional ACE SNP genotypes in European and Asian (Han Chinese) populations, respectively, were obtained from the International HapMap Project [15] . Haploview was applied to determine and visualize LD relationships between SNPs in this gene [16] .
Incidence rates (IRs) for each of the two study endpoints expressed as events per 100 person-years were calculated for patients with 1, 2 or 3 score points for score A and B, respectively. The Chi-Square test and Student's t-test were used to examine differences in categorical and continuous baseline characteristics. Cumulative incidences were assessed by Gray's nonparametric test as well as the Aalen-Johansen cumulative incidence estimator, both modeled for compering risk with CV death [17] . Cox proportional hazard analyses were used to model survival. In analyses of survival data, patients entered the model at the date of discharge from the index hospitalization where they were randomized in the ECHOS study. The survival analyses were performed at up to 10 years of follow-up (main analysis) and 5 years of follow-up (sensitivity analysis), respectively. The analyses exclusively included ACEI-treated patients, and patients without ACEI treatment were only included for selected additional analyses to examine the predictive value of the genetic scores in non-ACEI-treated patients, as well as for an over-all assessment of interactions between the genetic scores and ACEI treatment status. Additionally, the predictive capacity of score A was evaluated separately in ACEI-treated patients with ischemic and non-ischemic CHF, respectively, as the value of this score was originally demonstrated in patients with IHD [11] . Finally, subgroup analyses of CV death in patients treated with the three most frequently used ACEIs in the study were done for both scores. Survival analyses were adjusted for age, sex, IHD, NYHA class, wall motion score index, diabetes mellitus, chronic obstructive pulmonary disease, and insulin treatment, which have all previously been associated with mortality in the ECHOS population [18] . In addition, analyses were adjusted for socioeconomic status. The proportional hazard assumption, linearity of continuous variables, and absence of interaction, respectively, were tested and found valid if not otherwise stated. A two sided P value 0.05 was considered statistical significant. Analyses and data management were performed in SAS version 9.3 (SAS Institute Inc. Cary, North Carolina) and R version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria).
Ethics
This project was approved by the Danish National Committee on Health Research Ethics (protocol no. H-15006089) and by the Danish Data Protection Agency (protocol no. 2007-58-0015/GEH-2010-001). All files were anonymized prior to data management and statistical analyses. ECHOS was approved by authorities in the participating countries as well as by relevant ethics committees and was conducted in accordance with the Declaration of Helsinki III and Guidelines for Good Clinical Practice in the European Union. All patients gave their written informed consent prior to participation [13] .
Results
Study population
Of the 1000 patients originally randomized in ECHOS, 667 patients of Danish citizenship had DNA available for genotyping. Of these 525 (79%) patients were treated with ACEIs and 349 (52%) patients had IHD. The three most frequently used ACEIs were trandolapril (40% of patients), ramipril (25%), and perindopril (16%), which were dispensed in mean daily doses of 2.4 (SD 1.2) mg, 6.2 (SD 3.1) mg, and 3.3 (SD 1.0) mg, respectively (Tables 1 and 2 ). There were no significant differences in baseline characteristics between patients with different number (1, 2, or 3) of score points for scores A and B, except for the distribution of patients treated with trandolapril in score B (Tables 1 and 2 ). The distribution of patients with 1, 2 or 3 score points were 293 (43.9%), 215 (32.2%) and 159 (23.8%) for score A, and 276 (41.4%), 261 (39.1%) and 130 (19.5%) for score B. The mean follow-up time for the total study population was 5.1 (SD 3.6) years. Mean (SD) follow-up times for patients with 1, 2 or 3 score points were 5.6 (3.6), 5.0 (3.6), and 5.9 (3.5) years for score A, and 5.5 (3.7), 5.5 (3.7), and 5.3 (3.2) years for score B, respectively.
Population genetics
Allele and genotype frequencies calculated in the total study population and in patients with and without ACEI treatment, respectively, are shown in Table 3 . Furthermore, P values for the deviation from Hardy-Weinberg equilibrium are shown for each SNP in Table 3 . There was a lower degree of LD in ACE among Han Chinese than in European HapMap individuals. This was evident from lower R 2 values for the pairwise associations of SNP alleles across the recombinant breakpoint between rs4344 and rs4353 previously identified in Chinese subjects ( [12] . The six examined ACE SNPs were highly correlated in the European HapMap population as suggested by high R 2 values for all pairwise comparisons without evidence of a recombinant breakpoint. In the ECHOS population rs4343, a neighbour of rs4344, and rs4353 were also highly correlated (Fig 1) . Hence, rs4343 and rs4353 were redundant and the latter was excluded in the subsequent statistical analyses. Prognostic capacity of genetic score A
Crude IRs per 100 patient-years for both study endpoints are shown in Fig 2. The overall difference in cumulative incidence of CV death and all-cause death between patients with scores A 1, 2, and 3, was not significant (P = 0.346 and P = 0.486, respectively). Cumulative incidence plots for both endpoints are shown in Fig 3. There was no difference in risk of CV death between patients with score A 1 and 2, respectively (HR 1.03 [95% confidence interval (CI) 0.79-1.34], P = 0.817). However, compared with patients with score A 1, a non-significant nominal reduction in risk of CV death was found in patients with score A 3 (HR 0.80 [95% CI 0.59-1.08], P = 0.141) (Fig 2) . HRs for all-cause death were 1.11 (95% CI 0.88-1.42, P = 0.384) and 0.91 (95% CI 0.70-1.20, P = 0.509), for subjects with score A = 2 and 3, respectively, compared to patients with score A 1 (Fig 2) . Comparable results were found when endpoints were calculated for ACEI-treated patients after 5 years of follow-up and in Echocardiography and Heart Outcome study (ECHOS) population. The strength of LD was determined by R 2 statistics. The decrease in LD in the Han Chinese population probably reflects the previously reported recombinant breakpoint between rs4344 and rs4353 [12] . No such decrease in LD is observed for the HapMap European population and was also not observed in the ECHOS population. The ACE I/D polymorphism was not included in the figure as it has not been genotyped in the HapMap populations [15] . However, this polymorphism is located between rs4331 and rs4343, and is in high LD with these two SNPs [12] . doi:10.1371/journal.pone.0144195.g001 (Tables 4 and 5 ). Accordingly, no interaction was found between score A and ACEI treatment on CV death or all-cause death, respectively, when both ACEI-treated and ACEI-nontreated patients were included in the model (P = 0.789 and P = 0.858, respectively).
In a subsequent analysis we tested the prognostic capacity of score A in ACEI-treated patients with ischemic and non-ischemic CHF, respectively, and found no change in risk of CV death amongst patients with ischemic CHF, with HRs of 1.05 (95% CI 0.74-1.49, P = 0.797) and 0.98 (95% CI 0.66-1.44, P = 0.917), for patients with score A = 2 and 3 compared to score A 1, respectively. However, there was a reduced risk of CV death with increasing score A in patients with non-ischemic CHF, with HRs of 0.89 (95% CI 0.57-1.37, P = 0.585) and 0.56 (95% CI 0.33-0.96, P = 0.034) for those with score A = 2 and 3 compared to score A 1. Accordingly, although there were overlapping CIs for hazard rate ratios, the difference in risk of CV death between ACEI-treated patients with ischemic versus non-ischemic CHF, showed a trend for increased risk of CV death with increasing score A in patients with ischemic CHF (P = 0.332 [Fig 4] ). Finally, the prognostic value of score A did not change when analyses were restricted to only include patients treated with trandolapril, ramipril or perindopril (Table 6 ).
Prognostic capacity of genetic score B
Crude IRs per 100 patients-years for both study endpoints are shown in Fig 5. The overall difference in cumulative incidence of CV death and all-cause death between patients with scores B 1, 2, and 3, was not significant (P = 0.515 and P = 0.486, respectively). Cumulative incidence plots for both endpoints are shown in Fig 3. We found no difference in risk of CV death or all-cause death between subjects with score B 1, 2 or 3, respectively (Fig 5) , and there was also no association between score B and either study endpoint after 5 years of follow-up (Table 4 ). In addition, score B had no significant influence on the prognosis in patients not treated with ACEIs (Table 5 ) and there was no interaction between score B and ACEI treatment on CV death or all-cause death when both ACEI-treated and ACEI-nontreated patients were included in the model (P = 0.799 and P = 0.699, respectively). Finally, the prognostic value of score B did not change when analyses were restricted to only include patients treated with trandolapril, ramipril or perindopril (Table 6 ). 
Discussion
In the present cohort study of ACEI-treated patients with CHF, we examined the prognostic value of two distinct pharmacogenetic scores A and B that have previously been found to influence ACEI efficacy and ACE activity in patients with stable IHD and hypertension, respectively. No association was found between these two scores and CV death and all-cause death during up to 10 years of follow-up. These findings were corroborated by sensitivity analyses, where endpoints were calculated after 5 years of follow-up and in analyses of patients not treated with ACEIs. However, subgroup analyses showed a trend for increased mortality with increasing score A in ACEI-treated patients with ischemic CHF compared with non-ischemic CHF. Our study results therefore suggest that score A and B do not predict mortality in ACEItreated patients with CHF irrespective of etiology, but that score A may be of such value in patients with ischemic CHF. The individual response to various drugs used for treatment of CHF is highly variable and this variability cannot solely be explained by differences in clinical characteristics of patients [19] [20] [21] . Accordingly, genetic variations have been suggested to have a considerable effect on drug response and in patients treated with ACEIs the ACE I/D polymorphism has been a focus of attention [9, 22, 23] . Indeed, high circulating ACE activity has been associated with this polymorphism and with worse cardiovascular outcomes in CHF patients [24] . Nonetheless, the utility of the ACE I/D polymorphism for pharmacogenetic risk stratification in CHF patients remains contentious, which may be explained, in part, by an anticipated small impact of this polymorphism on ACEI efficacy, and by the fact that published results have been limited by small study populations [22, 25, 26] . A few other genetic polymorphisms have separately been associated with the efficacy and safety of ACEIs, including some of those represented in the current study (rs4343, rs495828 and rs817646) [10, 27] . However, to our knowledge only one study, which examined the SNPs comprising score A of our study in patients with stable IHD, has hitherto used more than one SNP to provide an incremental pharmacogenetic risk score for prediction of survival in ACEI-treated patients [9, 11, 22] .
In the present study of patients with CHF treated with or without ACEIs, we did not find any significant association between score A or B, and CV death and all-cause death, respectively. It is likely that the effect sizes of the examined SNPs in score A and B were too small to be detected in survival analyses. Also, the relatively small patient sample size of the study reduced its statistical power. Previously, the prognostic importance of score A was documented by a candidate gene (total of 12 genes) approach in patients with stable coronary artery disease that were approximately 10 years younger than our patient population and had a 5-year mortality <10%, while score B was derived from a genome-wide association study of patients of around 40 years of age with hypertension that examined effects on plasma ACE activity [10, 11] . Indeed, in agreement with the complex biological networks regulating the renin-angiotensin-aldosterone system (RAAS) activity and ACEI pharmacokinetics and pharmacodynamics in different cardiovascular disease states, ultimately only a polygenetic or genome-wide approach in large populations of CHF patients treated with ACEIs may provide more definitive answers. Of note, the genotype frequency of rs495828 of ABO in our study population was not in Hardy-Weinberg equilibrium, but this aberration was only of borderline significance. There was a higher degree of LD in ACE among the European HapMap individuals, where all investigated SNPs were highly correlated as compared to the HapMap Project population of Han Chinese subjects (Fig 1) [15] . Accordingly, we also found high correlation between the two tag SNPs rs4343 and rs4353 in the ECHOS population. Previous fine-mapping of ACE amongst Asian hypertensive patients identified a recombinant break point between rs4344 and rs4353 located adjacent to rs4343 that defined haplotypes with different ACE activities [12] . These different LD patterns of the examined SNPs between Europeans and Asians should be taken into account in the interpretation of the results of the current study and those reported in the literature [6] [7] [8] [9] [10] [11] .
Several large studies have shown that patients with ischemic CHF, independent of blood pressure reduction, benefit from ACEI treatment with a relative reduction in fatal outcomes of approximately 20% [19] [20] [21] . However, patients with ischemic CHF appear to have less improvement in symptoms, inferior hemodynamic response, and more limited amelioration of left ventricular dysfunction with contemporary anti-congestive treatment (including ACEIs) as compared to patients with non-ischemic CHF, and IHD has been shown to independently predict mortality in patients with CHF [28] [29] [30] . Moreover, ischemic CHF has been associated with more pronounced neuro-humoral activation and T-cell-mediated immune responses [31] . These differences between ischemic and non-ischemic CHF might reflect important variations in relative contributions of systemic and local effects of RAAS as well as differences in a range of other pathogenic and regulatory mechanisms [32, 33] . Accordingly, it is plausible that patients with ischemic CHF respond differently to ACEIs as compared to patients with nonischemic CHF and these mechanisms may have contributed to our finding of increased risk of CV death with increasing score A in patients with ischemic CHF only. Also, ACEIs differ in their pharmacokinetic and pharmacodynamic profiles, e.g., with different lipophilicities and tissue penetration, which is likely to influence their efficacy, albeit that we found comparable results between the three most used ACEIs in our study, i.e., trandolapril, ramipril and perindopril, which differ in their lipophilicities [34] [35] [36] [37] . Moreover, the relationship between systemic RAAS inhibition vs. RAAS inhibition at the tissue and intracellular level in respective pathophysiological target zones, e.g., arterial wall, heart, and kidney, respectively, is less clear at present [33, 38] . Interestingly, reports have documented the existence of cross-talk between the adrenergic system and RAAS, and treatment with beta-blockers and ACEIs may act through shared pharmacodynamics pathways [39] [40] [41] . In this regard, a recently published pharmacogenetic study that was also conducted in the ECHOS population, showed increased risk of death amongst carvedilol-treated patients with the combination of gain-of-function SNPs in the adrenergic β-1 receptor gene (Arg-389-homozygous) and angiotensinogen gene (Thr174-homozygous), and a loss-of-function SNP in the adrenergic β-2 receptor gene (Gln27-carrier), respectively [42] . These findings clearly highlight the necessity to include genetic variants from several relevant pathophysiologic pathways in pharmacogenetic investigations of complex diseases such as CHF.
Limitations
In addition to the considerations mentioned above, other limitations apply to the interpretation of the present work. For example, although the current study was based on a cohort of patients with comparable baseline characteristics who were recruited for a randomized controlled trial, the risk of unmeasured confounding is inherent to retrospective cohort studies. Also, as opposed to score A, score B was originally associated with systemic ACE activity and blood pressure response to ACEIs, but not directly with clinical outcomes in patients receiving ACEIs [10, 11] . In addition, our study was limited by a relative small sample size and we did not differentiate between different ACEIs (which can have different pharmacokinetic and pharmacodynamic characteristics) or ACEI doses [34] [35] [36] . We did not measure plasma angiotensin II levels before and after ACEI treatment and were therefore not able to assess the level of systemic ACE inhibition that was achieved. It should also be mentioned that the statistical analyses were based on baseline characteristics of the study population and we did not correct for possible changes in ACEI treatment over time, however, the proportion of patients with CHF initiated with ACEIs who still redeem their ACEI prescriptions after five years has in a previous Danish registry study been found to be 79% [43] .
Conclusion
The current study of patients with CHF treated with ACEIs did not find any significant association between CV death and all-cause death and two genetic scores (score A and B) that have previously been associated with ACEI efficacy. However, the analyses suggested a trend for increased risk of CV death with increased score A in ACEI-treated patients with ischemic CHF relative to non-ischemic CHF. While this finding warrants further study, genome-wide association studies and analyses that incorporate multiple gene interactions may be necessary to provide more detailed insights into the potential role of pharmacogenetic risk stratification of patients with CHF.
